Computational fluid dynamics (CFD) simulations quantifying thoracic aortic flow patterns have not included disturbances from the aortic valve (AoV). 80% of patients with aortic coarctation (CoA) have a bicuspid aortic valve (BAV) which may cause adverse flow patterns contributing to morbidity. Our objectives were to develop a method to account for the AoV in CFD simulations, and quantify its impact on local hemodynamics. The method developed facilitates segmentation of the AoV, spatiotemporal interpolation of segments, and anatomic positioning of segments at the CFD model inlet. The AoV was included in CFD model examples of a normal (tricuspid AoV) and a post-surgical CoA patient (BAV). Velocity, turbulent kinetic energy (TKE), time-averaged wall shear stress (TAWSS), and oscillatory shear index (OSI) results were compared to equivalent simulations using a plug inlet profile. The plug inlet greatly underestimated TKE for both examples. TAWSS differences extended throughout the thoracic aorta for the CoA BAV, but were limited to the arch for the normal example. OSI differences existed mainly in the ascending aorta for both cases. The impact of AoV can now be included with CFD simulations to identify regions of deleterious hemodynamics thereby advancing simulations of the thoracic aorta one step closer to reality.
Introduction
The aortic valve (AoV) is normally a tricuspid structure. The prevalence of a bicuspid aortic valve (BAV) is ∼2% in the general population [1] , but 50-80% in patients with coarctation of the aorta (CoA) [1, 2] . CoA is one of the most common congenital cardiovascular defects affecting 3000-4000 births annually in the U.S. [3, 4] , and is defined by a narrowing of the proximal descending thoracic aorta (dAo) in the region of the ductus arteriosus. The prevalence of BAV in CoA is particularly concerning as reports have documented a nine-fold increased risk of dissection in the ascending aorta (AscAo), often occurring at younger ages in patients with BAV [1] . Studies using Doppler ultrasound [5] and 4D magnetic resonance imaging (MRI) flow measurements [6] have also indicated a BAV causes flow disturbances in the AscAo associated with progressive dilatation beyond that associated with a tricuspid valve. While some turbulence normally exists in the aortic arch [7, 8] , diseases of the AoV frequently show pronounced turbulence in this region [9] . These findings suggest CoA patients with a BAV may experience altered hemodynamics in the AscAo that could lead to local pathology.
Many CoA patients suffer reduced life expectancy despite surgical or catheter-based treatment [10] . Nearly all long-term problems after treatment for CoA can be explained on the basis of abnormal hemodynamics and vascular biomechanics [11] . Understanding the hemodynamic basis of morbidity and treatment outcomes for these patients, as well as their association with AoV morphology, can be aided by recent advancements in computational modeling tools that use data obtained by a routine clinical MRI [12, 13] . Anatomic data, in concert with physiological data such as flow assessment by phase-contrast MRI (PC-MRI) and bilateral upper and lower blood pressure (BP) measurements, can be used to create 3D patient-specific representations of vascular hemodynamics throughout the cardiac cycle [14, 15] using computational fluid dynamics (CFD) simulations. These simulations provide local wall shear stress (WSS) indices shown to correlate with disease [16, 17] in a manner not possible with other imaging modalities. CFD simulations offer great promise for the field of congenital cardiac surgery and catheter intervention. If specific physiological and structural outcomes are related to adverse hemodynamics, investigation of modifications that restore more favorable flow patterns could be used to design optimal treatments. This approach has been successfully applied to congenital heart defects resulting in a single ventricle physiology where CFD simulations of the Fontan procedure have led to several technical modifications demonstrated to be hemodynamically superior to previous surgical techniques [18] .
The objectives of the current investigation were to develop a procedure to incorporate the local flow alterations introduced by the AoV into subject-specific CFD simulations, and to quantify the impact of valve morphology on thoracic aortic hemodynamics. The organization begins with a description of the methods developed for this purpose, which were then applied in two examples. CFD models were generated for a patient with a tricuspid AoV (TRI) and a normal aortic arch, as well as for the surgically corrected CoA arch of a patient with a BAV. For each example, alterations in hemodynamics induced by the valve are determined by comparing results including the AoV with those obtained from a more common approach using an assumed plug inlet velocity profile.
Materials and methods

Magnetic resonance imaging
Patients with prior diagnosis of congenital cardiovascular disease underwent clinically indicated cardiac MRI studies. IRB approval allowed use of anonymized patient data for this research after each patient/guardian signed assent/consent. Two subjects exhibiting Roman arches (normal/TRI: 13 y/o female, CoA/BAV: 34 y/o male) were selected to test applicability of the methods presented below with patient populations commonly exhibiting different valve morphologies ( Fig. 1a1 and a3 [19] ).
Gadolinium-enhanced (0.4 ml/kg; gadodiamide, Omniscan ® , GE Healthcare, Waukesha, WI) MR angiography (MRA) was performed with a breath-held 3D fast gradient echo sequence using a 1.5 T Symphony ® scanner (Siemens Healthcare, Erlangen, Germany). Time-resolved, velocity encoded 2D anatomic and throughplane PC-MRI was performed orthogonally in the AscAo, near the main pulmonary artery, in the descending thoracic aorta at the level of the diaphragm, and orthogonal to the arch origins of the head and neck vessels. Heart rates ranged from 82 to 92 bpm during which 25 images were reconstructed. Imaging parameters included TR, TE, and flip angle of 46 ms, 3.8 ms, and 30 • , respectively. The FoV was 30 cm × 22.5 cm with an acquisition matrix of 256 × 192, and a slice thickness of 7 mm, resulting in a voxel size of 1.17 mm × 1.17 mm × 7 mm. Subjects breathed freely and data was retrospectively gated to the cardiac cycle. Average and peak AscAo flow rates and Reynolds are provided in Table 1 . After scanning, supine, bilateral upper and lower extremity BP assessment was performed using a Dinamap BP system (GE Healthcare, Waukesha, WI).
Computational model construction
CFD models were created using SimVascular (https://simtk.org) [20] as discussed elsewhere [21] . Models originated at the sinotubular junction and extended to the diaphragm, including the innominate (IA), right (RCCA) and left (LCCA) common carotid, and right (RSCA) and left (LSCA) subclavian arteries ( Fig. 1a2 and a4 ). Models were discretized into a finite element mesh using a commercially available, automatic, adaptive mesh generation program (MeshSim, Simmetrix, Clifton Park, NY).
Specification of inflow boundary conditions
The general approach applied to include the influence of an aortic valve into CFD simulations for the current investigation is introduced here, and followed by specific details in the subsequent paragraphs. A time varying blood flow waveform was obtained in the AscAo downstream of the valve for each patient by integrating velocity values within the defined lumen cross-section. For valve cases, a time-varying plug flow inlet based on the measured AscAo flow was created, but with a restricted cross-section determined from time-varying PC-MRI magnitude data at the level of the valve. CFD results from this approach of using a masked time-varying inlet plug velocity were then compared to those from the more common approach of using an un-masked time-varying plug blood flow velocity profile.
PC-MRI data was used to calculate time-resolved volumetric blood flow [22, 23] using specialized software (Segment; http://segment.heiberg.se). Eddy current compensation was performed [24] and instantaneous flow rates were computed by integrating velocities within defined lumen cross-sections [25] . AscAo PC-MRI data were used to create inflow waveforms using a Fourier interpolation method where the number of simulation time steps was determined for a Courant-Friedrichs-Lewy (CFL) condition <1. Prior CFD models of the thoracic aorta used an assumed inflow profile [14, 26, 27] . Thus, simulations for each patient were initially run with a time-varying plug velocity profile across the entire inlet face and compared to simulations where the inflow profile was restricted by the timevarying area delineated by the patient-specific AoV as discussed below.
Delineating aortic valve morphology
Additional PC-MRI series through the AoV were used to create spatiotemporally varying CFD model inlets reflective of AoV position ( Fig. 1b1-b4 ). The CoA patient featured here presented with the most common type of BAV (type I, right-left leaflet fusion: 75-80%) [28] .
The AoV was included using a custom-designed MATLAB ® program (MathWorks, Natick, MA) that allows a user to segment the opening defined by valve leaflets (i.e. lumen) and surrounding sinuses for each image in the cardiac cycle ( Fig. 1c1-c4 ). Segmentations were translated into polar coordinates relative to the center of the segmentation and interpolated to obtain values at 1 • increments. These values were translated back into Cartesian coordinates, no longer limited by the pixel resolution of the MRI images, and thereby more reflective of valve morphology. The valve lumen was scaled by its maximum radius to create a template applicable to any inlet face. This is particularly important as the inlet face of the model may not exactly correspond with the plane of the valve PC-MRI image. Segmentations of the aortic sinuses were not mapped to the inlet face, but rather used to calculate any deviation from the center of the vessel. Fig. 1 . Method of patient-specific model construction and valve inclusion. Imaging data, displayed as maximum intensity projections (a1, a3), were used to create 3D CFD models (a2, a4). Temporal PC-MRI magnitude images showing valve leaflets at specific times during systole (b1-b4) were segmented and smoothed with a custom-designed MATLAB program (c1-c4) for example patients having tricuspid (d1) and bicuspid aortic valves (e1). These segmentations were applied to the CFD model inflow to create a time-varying mask of the inflow face for the tricuspid (d2) and bicuspid (e2) valves. Resulting velocity profile assigned to the inflow face using the mask (d3, e3).
Implementing AoV segmentations into CFD models
Valve segments were loaded into MATLAB ® with their corresponding temporally varying plug inflow velocity components (described above). Segments were linearly interpolated for each time point in the simulation (CFL condition <1). These segments were mapped to the area of the inlet face after translating and rotating their position to place leaflets in their correct anatomic location. The distance from the center of the vessel to each node on the inlet mesh face was calculated and compared to each temporal segmentation. Regions of the inlet face were assigned a 1 or 0 depending on whether they were inside or outside the valve opening, creating a binary mask for each time point (Fig. 1d2 and e2) . Velocities for nodes that lie on the interior of the valve opening were then scaled by the reduction in area caused by valve tissue encroaching on the flow domain ( Fig. 1d3 and e3 ).
Outflow boundary conditions and CFD simulations
To replicate the physiologic effect of arterial networks distal to CFD model branches, three-element Windkessel model outlet boundary conditions were imposed from flow waveforms and measured BP data using a coupled-multidomain method [29] as described in detail elsewhere [26] .
Newtonian and incompressible fluid assumptions were employed (viscosity and density of 4 cP and 1.06 g/cm 3 , respectively) consistent with previous studies and upon consideration of shear rates in this portion of the vasculature [14] . Simulations were performed using a stabilized finite element solver with the LesLib commercial linear solver (Altair Engineering Inc., Troy, MI) to solve equations for conservation of mass (continuity) and balance of fluid momentum (Navier-Stokes). Meshes contained >3 million tetrahedral elements with localized refinement, using an adaptive technique [30, 31] to deposit more elements near the luminal surface, at the boundary of the valve leaflets, and in regions prone to flow disruption. Convergence criteria included residual errors <10 −3 and a minimum of six non-linear iterations per time step. Simulations were run until the flow rate and BP fields stabilized yielding periodic solutions for five consecutive cycles (<1% difference between BP and flow values in consecutive cycles).
Quantification of hemodynamic indices
Blood flow velocity and indices of WSS were visualized using ParaView (Kitware, Inc., Clifton Park, NY). The calculation of time-averaged WSS (TAWSS) was employed based on established methods [32] . Low TAWSS is thought to promote atherogenesis, as is elevated oscillatory shear index (OSI), a dimensionless index of directional changes in WSS. Low OSI indicates WSS is unidirectional, while a value of 0.5 is indicative of bidirectional WSS with a time-average value of zero [33] . Previous imaging studies found local low TAWSS values that were statistically different from circumferential averages [16] , which motivates the need to report detailed local WSS indices in CFD studies. Briefly, the surface of each vessel was unwrapped and mapped into a Â, l rectangular domain, where Â and l are the circumferential and longitudinal coordinates of each point on the vessel wall. A 2D moving average filter was then applied, using 5 points circumferentially and 3 points longitudinally to generate local circumferential and longitudinal TAWSS and OSI results. Identical locations were queried for each patient across inlet types, providing insight into how inlet conditions impact indices of WSS.
TAWSS results from simulations using plug velocity profiles ( no-valve ) were used as the baseline when comparing to those including the impact of the AoV ( valve ). valve results were mapped to the computational mesh used to obtain no-valve . The mapped results were then subtracted and normalized to no-valve at each spatial location (x j ) using:
Mean values in the dAo ( mean-dAo ) were used for normalization in regions of low WSS in the plug simulation to prevent the overestimation of error at these points similar to previously published techniques [34] . Locations in each model where the influence of the inflow waveform was greater than established levels of interobserver variability [35] were then identified.
Turbulent kinetic energy
To investigate turbulence resulting from arch geometry and inlet condition, cycle-to-cycle variation within the velocity field were determined by computing the turbulent kinetic energy (TKE) [21, 36] . Briefly, four additional cardiac cycles were simulated once the simulations had converged to the criteria above, resulting in five well-converged cycles. An ensemble average for each time point within the cardiac cycle was then computed over the last five cycles. Subtracting the ensemble averaged cycle from the original velocity field results in the fluctuating component of the velocity, ៝ u( ៝ x, t) that can be used to compute the turbulent kinetic energy as
where T is the period, is the density of blood,ũ 1 ,ũ 2 , andũ 3 represent the x, y, and z components of the fluctuating velocity, and ៝ x denotes the ensemble mean. The ensemble-averaged kinetic energy (KE) was also computed as
where u 1 , u 2 , and u 3 represents the x, y, and z components of the ensemble averaged velocity, respectively. The ratio of TKE/KE was also computed. To interpret TKE results, the aortic arch was isolated from the head and neck vessels and then examined in three sections: AscAo, transverse arch, and dAo. Mean TKE, KE, and TKE/KE at peak systole, mid-deceleration, and mid-diastole were quantified in each region to determine the impact of the inlet condition.
Results
Example 1: normal aortic arch and tricuspid AoV
Blood flow velocity
There was good agreement between blood flow waveforms acquired via PC-MRI compared to plug and TRI blood flow simulations (Fig. 2) . Early systolic peaks in simulation, as compared to in PC-MRI, waveforms were noted at most measurement locations since simulations were run with rigid walls. Velocity profiles during systole were therefore elevated for TRI and plug simulations compared to PC-MRI (acquired separately from AscAo PC-MRI) for a given time point (e.g. dAo 102 and 153 ms). In contrast, velocity profiles were similar in the AscAo and proximal dAo where simulation and measured waveforms were most alike. In these locations direct comparison of spatial values is appropriate, TRI simulations produced velocity profiles that were in greater agreement with PC-MRI than those from plug simulations (e.g. AscAo 147 ms).
Analysis of temporal streamlines revealed AoV flow patterns are most remarkable at peak systole. During this time flow disturbances extended along the outer wall of the AscAo for the TRI simulation, but are almost non-existent for the plug inflow (Fig. 3,  top) . The influence of the AoV on downstream velocity profiles exists within the AscAo (Fig. 3 , top velocity profile and vector insets) and persists distally. The precise location beyond which the TRI AoV no longer impacts hemodynamics is discussed in the localized quantification section below.
Wall shear stress
Local TAWSS along the longitudinal axis of the aorta is summarized for the inner and outer curvatures and anatomic left and right luminal surfaces in Fig. 4 . TAWSS disparity between inlet types was most pronounced within the AscAo along the inner right and outer left curvatures while differences at other locations were more modest. These differences extended to the mid-transverse arch, but dropped considerably distal of the LSCA. TAWSS quantified circumferentially in the AscAo, transverse arch, and dAo are also shown in Fig. 4 . The largest disparity in TAWSS occurred ∼1 dAo diameter proximal to the IA along the inner right wall (Fig. 4B, 19 .8 dyn/cm 2 ). Differences in TAWSS related to inclusion of the TRI AoV in CFD simulations were greater than those caused by inter-observer variability for 72% of the luminal surface in the AscAo, as compared to only 32% of the dAo (Fig. 5, left) .
Oscillatory shear index
Local longitudinal OSI was summarized for the inner and outer curvatures and anatomic left and right aortic surfaces in Fig. 6 . Disparity in OSI between inlet types was most pronounced along the outer left wall of the distal AscAo and along the inner wall more proximally, near the inlet. The proximal difference was most likely due to the presence of valve commissures in the TRI case that were absent in the plug simulation. These large differences normalized somewhat sooner than TAWSS, but differences still persisted into the transverse arch, and diminished substantially (to a maximum of ∼0.15) in the dAo. OSI was also quantified circumferentially at two locations in the AscAo, the transverse arch, and dAo at locations that exhibited the largest differences longitudinally. Proximal differences in the AscAo were present along the inner left wall located ∼2.6 dAo diameters proximal to the IA (Fig. 6B , maximum of 0.36), while distal differences were mostly along the outer left wall 2 dAo diameters proximal to IA (Fig. 6D , maximum of 0.25).
TKE
The TRI inlet condition introduced more TKE in the AscAo and transverse arch (Fig. 7, top) as compared to a time-varying plug velocity profile, but values were low during peak systole and middeceleration. By way of comparison, the aortic arch itself introduces Average TKE and TKE/KE were elevated throughout the thoracic aorta for the TRI inflow condition (Table 2 ). For example, TKE at peak systole was orders of magnitude less for the plug inflow (plug: TKE = 1.48E−5 g/(cm s 2 ), TKE/KE = 5.24E−9 vs TRI: TKE = 0.05 g/(cm s 2 ), TKE/KE = 1.56E−5), but the differences were considerably reduced distal to the LSCA. At mid-deceleration, these indices increased in the AscAo and transverse arch, but were still orders of magnitude greater for the TRI AoV simulation (e.g. TRI: TKE = 0.74 g/(cm s 2 ); TKE/KE = 0.001 vs plug: TKE = 4.42E−5 g/(cm s 2 ), TKE/KE = 2.79E−7).
Example 2: surgically corrected CoA and BAV
Blood flow velocity
Similar to example 1, blood flow waveforms obtained in the AscAo, branch vessels, dAo also show good agreement between PC-MRI measurements and those from plug and BAV simulations, especially throughout the thoracic aorta (Fig. 8) . Velocity profiles at various time points throughout the cardiac cycle show similar spatial values between the valve simulation and PC-MRI measurements. For example, the BAV case provides a better matching in mid-systolic and early diastolic velocity profiles near the CoA.
Velocity streamlines are parallel and fully attached to the vessel wall for the plug inflow condition (Fig. 3, bottom) while substantial swirling and vortices were produced near the inlet for the BAV, the greatest of which occurred along the outer wall of the AscAo. Velocity profiles downstream show vectors that converge in the middle of the vessel and travel toward the outer wall as a result of the BAV (Fig. 3, insets) . Fig. 9 shows local TAWSS along the longitudinal axis of the aorta and several specific circumferential locations where differences due to the valve are more pronounced. The greatest disparity in TAWSS was located along the outer left wall of the AscAo (27.9 dyn/cm 2 ) ∼2 diameters proximal of the IA. The percent difference in TAWSS between inlets is shown in Fig. 5 (right) with locations above the uncertainty introduced during the modeling process highlighted. The largest differences were present in the AscAo, but, unlike the normal arch, substantial differences existed into the transverse arch and proximal dAo. Fig. 10 shows local OSI in the longitudinal and circumferential directions at specific locations throughout the thoracic aorta. Longitudinal differences were most apparent along the outer left and outer right wall of the AscAo, with substantial differences present proximally along the inner left. These differences begin to normalize in the transverse arch and are very similar throughout the dAo (maximum of ∼0.12). The greatest variations in OSI circumferentially were located ∼3.76 diameters proximal of the IA along the inner left wall (Fig. 10A, 0.33) , and along the outer right wall ∼1.87 diameters proximal to the IA (Fig. 10B, 0.26 ).
Wall shear stress
Oscillatory shear index
Turbulent kinetic energy
TKE patterns for the plug inlet were similar to the normal arch, but with elevated TKE in the dAo due to local flow disturbances near the region of repair (Fig. 7, bottom) . When the simulation in this example was run with a BAV, TKE was present throughout the AscAo at peak systole, increased during mid-deceleration, and was particularly prominent further into diastole.
Average TKE throughout the thoracic aorta was elevated for the BAV inflow condition (Table 2 ). For example, at peak systole and mid-deceleration, TKE was orders of magnitude less for the plug inflow (plug: TKE = 7.25E−6 g/(cm s 2 ), TKE/KE = 2.05E−9 vs BAV: TKE = 3.24 g/(cm s 2 ), TKE/KE = 8.62E−4). Curvature of the arch and modest residual narrowing just distal to the LSA caused these differences to drop considerably in the transverse arch and distal to the LSCA regardless of location in the cardiac cycle. However, TKE in the AscAo during mid-diastole was actually slightly higher in the AscAo (162 g/(cm s 2 )) and transverse arch (127 g/(cm s 2 )) than that induced in the dAo due to the arch and repair site (105 g/(cm s 2 )).
Discussion
CFD studies of the thoracic aorta to date have typically introduced blood flow in one of two ways. In a preferred approach, PC-MRI is used to temporally sample the velocity profile downstream of the valve and input this measured profile directly into the model. While not directly including the valve, its impact can be manifested in the data that is obtained, but this requires appropriate through-and in-plane velocity encoding to adequately resolve flow features being input into the CFD model. This approach may be difficult to implement within the constraints of a clinical setting, as it can require specialized sequences not routinely implemented and obtains data that is more detailed than that commonly used in clinical diagnosis. One alternative approach has been to construct CFD models with their inlet beginning distal to the aortic sinuses, impose the measured blood flow waveform measured downstream as an assumed velocity profile at the model inlet, and allow the curvature of the arch to influence resulting flow patterns [26] . While this technique does not use the complete spatial velocity information, it does not require specialized sequences, minimizes the introduction of noise at the model inflow due to inadequate velocity encoding, and allows for improved temporal resolution compared to 3-component PC-MRI [37] . The methods described here were therefore developed to include a more accurate representation of the impact of the AoV on CFD studies of the thoracic aorta using data obtained as part of a routine clinical imaging session. These methods were then applied to quantify the impact of valve morphology on aortic hemodynamics, identify regions most influenced by the inlet, including the location where valve influence is modest for two examples. The application of the current methods in these examples using both TRI and BAV AoVs demonstrates their utility across valve morphologies commonly occurring in patient populations such as CoA. The results of this pilot research provide several key observations to be studied in follow-up investigations. These observations are listed and discussed below.
(1) The impact of AoV flow patterns in the thoracic aorta can be included within CFD simulations to identify regions of potentially deleterious hemodynamics. (2) When compared with their respective plug inlets, TAWSS were pronounced throughout the thoracic aorta for BAV, but generally limited to the AscAo for TRI. Differences in OSI were limited to the AscAo in both cases. (3) TRI and BAV differentially impact which portions of the AscAo will be exposed to potentially adverse TAWSS and OSI. (4) A plug inlet velocity profile greatly underestimates the amount of TKE present in the thoracic aorta compared to that introduced by the AoV.
AoV flow patterns can be included in CFD simulations
AoV morphology and function are known to influence the progression of disease in the AscAo [38] . Specifically, aortic dilatation and aneurysm formation in patients with aortic valve disease tends to occur at the sinotubular junction, AscAo, and IA [5, 38] . Other investigations have aimed to computationally investigate the influence of the valve on AscAo hemodynamics using simplified BAV and TRI [39] . The additional benefit of the current technique is its ability to impose blood flow velocities dictated by the patient's own detailed time-varying AoV. From a clinical perspective, differences in the AscAo due to valve morphology could aid in determining which patients should be closely followed as a result of adverse hemodynamic conditions introduced due to the patient's specific valve (BAV or TRI). The methods used in this investigation demonstrate a means of representing the impact of both the innate AoV disease, and the potential to implement various surgical corrections in silico to determine optimal outcomes in a patient-specific manner. For example, when surgeons seat a valve in the aortic annulus during a replacement procedure, the predominant guiding principles of valve positioning are to assure that flow into the coronary ostia is not impeded and to attempt to place the valve in the annulus with as little tilt as possible. Most prosthetic valves are bi-leaflet and the leaflet apparatus can be rotated in order to help assure the former goal is achieved. The current CFD work suggests additional aspects should be considered when positioning leaflets and, if verified, the methods presented here could lead to studies with significant clinical implications.
TAWSS and OSI for CFD models with AoVs differ with varying severity from a plug inlet
Localized alterations in TAWSS and OSI can cause cellular-level changes in the vasculature [40, 41] . Endothelial cells typically align themselves with the direction of flow, but become disorganized when exposed to perturbations such as high OSI [40] , which potentially lead to endothelial dysfunction and vascular disease. Thus, the ability to identify regions of altered hemodynamics is useful for understanding the local progression of disease.
The current investigation compared TAWSS difference maps between a time-varying plug velocity profile and patient-specific AoV inlet condition (BAV and TRI). For the normal arch in example 1, these differences were primarily confined to the AscAo and the influence of the inlet was very modest beyond the midtransverse arch. While the largest differences were in the AscAo for the CoA/BAV patient in example 2, residual differences were also present throughout the transverse arch and dAo. These findings suggest studies interested in the relationship between AoV pathology and indices of WSS should strive to include the AoV, but that CFD studies of patients with a TRI and a normal arch focusing on areas distal to the LSCA may be able to neglect the valve.
TRI and BAV determine which luminal locations are exposed to adverse TAWSS and OSI
Circumferential quantification of TAWSS and OSI were used to further elucidate differences with respect to inlet type and anatomic location. Indices of WSS were similar across inflow types (Figs. 4 and 9 ), but varied substantially at several locations of the AscAo in each example. The current findings suggest the outer left and inner right portions of the AscAo are most influenced by the AoV, and may differ for patients with TRI vs BAV. Although these findings undoubtedly need to be confirmed in studies containing more patients, it is clear that including a TRI or BAV in CFD simulations can lead to different, and presumably more realistic, conclusions regarding TAWSS and OSI in the AscAo than an assumed time-varying plug velocity profile.
A prior computational study using simplified BAV and TRI valves revealed the outer AscAo wall is exposed to suboptimal WSS [42] , similar to the current findings. Bauer et al. also determined the region of highest peak systolic wall motion was located on the anteriolateral wall of the AscAo using Doppler ultrasound [5] , while a previous 4D PC-MRI study revealed that patients with a BAV exhibited extensive vortex formation along the anterior and lateral AscAo wall [43] . While the current study also shows differences along the inner wall near the inlet as well as along the outer wall of the distal AscAo, future studies including the aortic sinuses and annulus would restrict these regions to the sinuses, and the additional curvature of the arch may result in a larger hemodynamic burden imposed on the outer wall of the AscAo. These results would likely have the potential to more closely resemble those found by Viscardi [42] , Bauer [5] , and Hope [43] mentioned above.
TKE values from a plug inlet underestimate values obtained with AoVs
As compared to simulations for both examples using plug inflow profiles that showed very little TKE in the AscAo during any portion of the cardiac cycle, indices of turbulence were noticeable for the TRI inlet example, but were less than those introduced by normal arch curvature. Conversely, the presence of a BAV amplified turbulence in the AscAo to at least the level caused by the curvature of the aorta and the residual narrowing present for the patient in example 2. Further analysis revealed this elevated TKE during mid-diastole is due to instabilities introduced as flow travels retrogradely to the AscAo from the head and neck vessels and similar findings may not be observed for all patients with a BAV. Nonetheless, this example elucidates the severity of disruptions that can be associated with a BAV, relative to normal, and suggests these instabilities introduced during systole persist longer into diastole.
Past studies of aneurysms in the abdominal aorta and arch have shown flow disturbances and turbulence influence parameters including BP, indices of WSS, vascular remodeling, and inflammation [44] . In vivo flow studies by Stein and Sabbah further showed that highly disturbed and turbulent flow could occur in the AscAo, but consistently occurred in individuals with abnormal AoVs [9] . Using PC-MRI, Kilner [8] and Bogren [7] reported that healthy aortic arches experienced turbulence that is localized, transient, and of low intensity at rest, but the distal arch may be more susceptible to turbulent flow. These findings are consistent with those presented here and may explain why patients diagnosed with BAV have an increased risk of aortic dilatation. Turbulence causes large variations in the stresses experienced by the wall, similar to those seen during aneurysm formation and progression [45] . Therefore, CFD simulations including the impact of the AoV may provide insight into the possible adverse impact of TKE in the AscAo resulting from valve disease.
There are several potential study limitations. Results were considered mesh independent when TAWSS at several regions in the aorta changed <1% between successive simulations. Thus, while it is possible that the results presented may differ for much larger meshes, it is unlikely that the key observations would be altered. Also, although collateral circulation was not evident in the current CoA patient, the presence of collateral vessels from the upper extremities is common in CoA cases and would complicate the assignment of outlet boundary conditions since there does not seem to be any reports optimizing or tuning the selection of Windkessel parameters for collateral vessels to date. A rigid wall assumption was used to reduce computational expense, because precise material properties including the thickness and stiffness of the aorta were not available and to avoid the chance of obscuring results sought purely from including the influence of valve openings in CFD simulations. While theoretical or measured thickness and stiffness values found in the literature could be used, these values may not accurately reflect the long-term effects of CoA and repair on aortic vasculature [46] . Previous work by our lab and others has shown varying thickness, elastic moduli, and regional tethering that should be accounted for in CFD simulations. Simulations were run with rigid walls since these advancements are not currently possible within our laboratory. The current study replicates the AoV orifice accurately, but neglects valve tissue present in the flow domain. A study by Shadden et al. [47] investigated fluid-structure interaction governing movement of the valve due to flowing blood. The study noted how the presence of valve leaflet tissue in the flow domain influenced the shape and direction of the AoV jet. Future studies will include the aortic annulus and sinuses, and possibly valve leaflet tissue, to more closely replicate morphology and associated flow patterns. The current research also only represents two case examples, and larger populations are therefore needed to determine if findings can be generalized.
The valve cases in the current investigation used a time-varying plug flow inlet with restricted cross-section. The blood flow values at any given time point were determined from the integrated PC-MRI phase data in the AscAo while the region for flow delineated by the valve was determined from the time-varying PC-MRI magnitude data. Corresponding plug flow velocity values were then scaled by the reduction in area imparted by the valve opening at a given time point. This approach does not use the pixel-by-pixel through-and in-plane phase information within the valve, but does allow for direct comparison to the approach of a time-varying plug inlet profile that has been implemented in other CFD studies to date. Similarly, while in-plane components of velocity are included when integrating velocities within regions delineated from the PC-MRI magnitude data, these components of the data are not directly input into the CFD model resulting in plug flow velocities essentially only introduced in the primary blood flow direction.
Conclusions
In summary, by including the influence of AoVs into CFD simulations, local WSS and TKE thought to be associated with long-term and post-operative morbidity were elucidated. Our findings underscore the benefits of including flow disturbances introduced by the AoV into CFD modeling, rather than applying traditional simplified practices of using an assumed velocity profile or overly simplified valve shapes. These CFD methods can now be applied to studies of larger populations to better understand hemodynamics in patients with both normal and diseased AoVs, and conceivably prosthetic valves as well. This approach may also be used for other diseases of the thoracic aorta besides CoA. Despite its limitations, this research elucidates how thoracic aortic simulation results may be influenced by the aortic valve in an attempt to advance the CFD methods one step closer to clinical reality. Inclusion of the influence of AoV morphology may enhance the acceptance of CFD models for surgical planning. By providing clinicians with critical information preoperatively (e.g. localized indices of WSS or TKE), the influence of a potential surgical or catheter-based treatment may be better understood than previously possible with traditional diagnostic imaging, thus improving patient outcomes.
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